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Midline cells are a common feature of both insects and crustaceans. Midline cells in the insects Schistocerca americana and
Drosophila melanogaster have been shown to give rise to pairs of either neurons or glial cells (midline precursor) as well
as to repeatedly generate neurons (median neuroblast) or both neurons and glia (median neuroglioblast). This study addresses
midline cell lineages in a higher crustacean, the amphipod Orchestia cavimana. In vivo labeling of single midline cells
shows that the resulting cell lineage is invariant and that these cells act as progenitors for sets of three glial precursors and
one median neuroblast. The progeny are restricted to parasegmental units. The glial precursors give rise to three pairs of glial
cells; two of them enwrap the commissures. The median neuroblast gives rise to about 10 cells that differentiate into 3
classes of neurons. The presence of median neuroblasts is also shown for another higher crustacean, the isopod Porcellio
scaber using BrdU labeling. This is the first study to analyze the cell lineage of crustacean neurons generated by early
ectodermal precursors. A comparison with those of insects demonstrates both conservation and change during the evolution
of arthropods. © 2001 Academic Press
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BINTRODUCTION
Invariant cell lineages are part of various developmental
processes found in protostomes, such as spiralians, nema-
todes, and arthropods, and deuterostomes, such as ascid-
ians. By identifying individual cells and tracking their
division patterns, cell lineage studies provide insight as to
how embryonic development proceeds step by step.
Among arthropods, invariant cell lineages have been
described in insects and crustaceans. In insects, cell lin-
eages have been studied in the neurogenesis, specifically in
the formation of the PNS of several species and in the
formation of the CNS of Locusta, Schistocerca, and Dro-
sophila (e.g., Bate, 1976; Bate and Grunewald, 1981; Doe
nd Goodman, 1985; Keil and Steiner, 1990). Cell labeling
n vivo with fluorophore-conjugated Dextran or DiI reveals
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All rights of reproduction in any form reserved.ineages of neuroblasts, neural precursors, and glial precur-
ors up to the differentiation of neurons and glia cells
Condron and Zinn, 1994; Bossing and Technau, 1994;
ossing et al., 1996; Schmidt et al., 1997; Schmid et al.,
1999). In insects, the stage preceding neurogenesis (i.e.,
delamination of neuroblasts), the germ-band formation,
does not show invariant cell lineages. This seems also true
for the so-called lower or nonmalacostracan crustaceans
(Gerberding, 1997) and probably for myriapods and cheli-
cerates in general (reviewed in Scholtz, 1998). In contrast,
invariant cell lineages during germ-band formation have
been identified in higher crustaceans, the Malacostraca
(Dohle and Scholtz, 1988; Scholtz and Dohle, 1996). Label-
ing of series of fixed embryos of Malacostraca with nuclear
dyes reveals a stereotyped cell-division pattern from germ-
band formation up to neuroblast differentiation (Dohle,
1970, 1976; Scholtz, 1990, 1992). However, this technique
has not revealed the further cell lineage occurring during
neuronal differentiation. Hence, to date only the presence
of neuroblasts in insects and crustaceans and their putative
absence in myriapods and chelicerates has been taken into
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398 Gerberding and Scholtzaccount when considering the evolution of arthropod neu-
rogenesis (Scholtz, 1992; Gerberding, 1997; Whitington,
FIG. 1. Outline of embryonic development, cell lineages, and e
development. (A) Cells aggregate ventrally. (B) Gastrulation: The ge
lateral head lobes and a grid of transversal rows that consist of the
Midline cells are labeled during this stage (see M). (D) Split: After
shifted lateral-dorsally and separate medially, resulting in a split. D
In a retraction-like process, the rudiments make contact again and
midline cells into neurons and glia can be analyzed. (F–O) Summa
of the lateral cells as studied with DNA dyes. The cell divisions ar
of cytoplasm during a significant part of germ-band elongation, i.e.,
Scholtz, 1990). The pattern is illustrated for only cells 1–5 of only o
J) After Scholtz (1990) on Gammarus pulex. (F) The transversal r
traight lines. Rows at this stage are named abcd. (G, H) The fir
ongitudinal in all cells of a row. (I) Orientations of the third and the
ies within the descendants of one ectoderm row (shaded). (J) As the
euroblasts (blue) and generate ganglion mother cells (red). (K–O) T
Gerberding and Scholtz, 1999). (K–M) First and second midline ce
ame longitudinal orientation as the lateral d0. (M) After the secon
division is longitudinal for all midline cells, generating the pairs
(shaded) runs across the clone. (O) The six cells a09–c00 do not div
generating neural progenitors until its clone has ten (1/22) cells (r
right and left ganglion rudiments. The clone of d0 forms a cluster.1996; Dohle, 1998). s
Copyright © 2001 by Academic Press. All rightInsects and (malacostracan) crustaceans show multiple
imilarities in segmentation, neurogenesis, gene expres-
mental timing in O. cavimana. (A–E) Morphology of embryonic
isc is formed. (C) Elongation: First morphological markers are the
erm cells for the posterior head segments and the trunk segments.
ation, the right and left rudiments for ganglia and appendages are
entiation of the midline cells is stalled during the split. (E) Fusion:
missures are set up. At this stage, the final differentiation of the
the cell lineages that establish CNS progenitors. (F–J) The pattern
ariant in their orientation and in their equal or unequal allocation
their first division until at least their sixth division (Dohle, 1976;
e, 1 being adjacent to the midline. (F–I) After Scholtz et al., (1994);
merge without the action of stem cells by a sorting of cells into
d second divisions from abcd to ab 1 cd and to a, b, c, 1 d are
wing divisions are different for each cell. The segmental boundary
ral cells proliferate, several cells divide asymmetrically as putative
attern of the midline cells as studied with the membrane dye DiI
isions from abcd0 to ab0 1 cd0 and to a0, b0, c0, 1 d0, exhibit the
ision, the cells a0, b0, c0, and d0 are labeled with DiI. (N) The third
a00, b09 1 b00, c09 1 c00, and d0 1 d0*. The segmental boundary
urther. The cell d0, a neuroblast (blue), divides a few more times
All midline cells stretch during the split in the space between thexperi
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399Neurons and Glia in Orchestia cavimanaet al., 1989; Scholtz, 1992; Whitington et al., 1993; Nilsson
and Osorio, 1998; Duman-Scheel and Patel, 1999), which
have been interpreted as being indicative for a sister group
relationship of insects and crustaceans (e.g., Averof and
Akam, 1995; Dohle, 1998, 2001; Strausfeld, 1998). Phyloge-
netic analyses of mitochondrial and nuclear DNA se-
quences further suggest a close relationship between the
two taxa (e.g., Friedrich and Tautz, 1994; Shultz and Regier,
2000).
To answer the question whether neural cell lineages are
similar between insects and crustaceans, knowledge of the
crustacean neuroblast lineages is needed. The invariant cell
lineages in the germ bands of malacostracans offer the
possibility to trace the fate of individual neurogenic cells
and their precursors starting from very early stages of
germ-band development. In particular, the early germ bands
of the malacostracan subgroup Peracarida, a very speciose
and evolutionarily highly successful taxon with many de-
rived characters (Richter and Scholtz, 2001), are well suited
for studies like this because they are relatively flat and
restricted to the ventral sides of the eggs (Dohle and
Scholtz, 1988; Scholtz, 2000). Furthermore, the cell lineages
of representatives of this group have been studied with great
detail (Dohle and Scholtz, 1988; Scholtz and Dohle, 1996).
Recently, a technique of labeling single cells in vivo using
DiI has been adapted from Drosophila (Bossing and Tech-
nau, 1994) for a peracarid malacostracan crustacean, the
amphipod Orchestia cavimana (Gerberding and Scholtz,
1999). The present study uses this technique to extend the
analysis up to postmitotic differentiation and investigates
cell lineage and differentiation of neuroblasts, neurons, and
glia in the midline of Orchestia. In addition, evidence for a
median neuroblast in another peracarid species, the isopod
Porcellio scaber, is presented. Our investigations reveal
several similarities between insects and crustaceans, such
as the existence of a median neuroblast, but also distinct
differences concerning cell lineages.
MATERIALS AND METHODS
For DiI labeling in Orchestia, embryos are removed from the
ventral brood pouch of the mother, cells are labeled with a small
drop of DiI in oil, and embryos are placed back into the marsupium
as they do not develop outside. For tracking the different lineages,
the four midline progenitors are labeled after the second division of
each midline cell after row formation (Fig. 1M). They are allowed to
develop for 3–5 days of development in the marsupium in order to
represent all stages of embryonic differentiation and axonogenesis
of the central nervous system (Fig. 2). Upon removal, embryos are
fixed, mounted in water, and photographed immediately with a
Zeiss Axiophot using Kodak Ektachrome material. Methods follow
those described previously (Gerberding and Scholtz, 1999) but
differ in the greater amount of time between labeling and fixation
that makes it necessary to place the eggs back into the marsupium.
For BrdU labeling in Porcellio, embryos are incubated 5–10 min
with BrdU (5 mg/ml), fixed 30 min in Bodian’s fixans, 53 15 min
washed in PBS, 120 min incubated with the primary antibody
against BrdU (Amersham RPN 20), washed 53 15 min in PBS, l
Copyright © 2001 by Academic Press. All rightincubated 120 min with a Cy3-conjugated goat anti-rabbit antibody
(Jackson ImmunoResearch), washed 53 15 min in PBS, and
mounted in glycerol (Schmidt, 1997). For sectioning of Porcellio
embryos, they were fixed in Bouin’s fixans, embedded into Tech-
novit 7200 (Kulzer), cut into 3-mm sections (Microm), and stained
ith Toluidine Blue.
RESULTS
Single Midline Progenitors Give Rise to Progeny
of Two Different Cell Types by an Invariant
Cell-Division Pattern
Malacostraca set up a grid of cells during germ-band
formation in the postnaupliar ectoderm (Dohle, 1970). This
grid is made of transversal rows that comprise an unpaired
midline cells and paired lateral cells. Fixed whole mounts
stained with nuclear dyes reveal that the cell-division
pattern of the lateral cells is invariant for a period of at least
six cell divisions during germ-band formation (Figs. 1F–1J)
(Dohle, 1970, 1976; Scholtz, 1990, 1992). In vivo labelings
ith the membrane-bound dye DiI show that the early
ell-division pattern of the midline cells follows that of the
FIG. 2. Embryonic CNS of Orchestia. Ventral view at 70%
development seen at the time when clones are analyzed. At this
point, differences in the size and shape between ganglia become
apparent. The ganglion of the first thoracic segment gets attached
to the ganglion of the second maxillae. The posterior ganglia in the
abdomen (pleon) are fused. Md, mandible; Mx1/Mx2, maxillae 1
and 2; T1/T5, thoracic ganglia 1 and 5; A1/A41, abdominal
ganglion 1 and the fusion product of the fourth abdominal ganglion
and more posterior ganglia. Scale bar, 20 mm.ateral cells and that it later establishes two types of cells
s of reproduction in any form reserved.
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400 Gerberding and Scholtzwith different morphogenetic behavior (Figs. 1K–1O) (Ger-
berding and Scholtz, 1999). In the amphipod Orchestia
cavimana, the first two divisions of a midline cell result in
a clone of four cells designated a0, b0, c0, and d0 from
nterior to posterior. While the cells a0, b0, and c0 divide
only once more in the subsequent stages, the cell d0 divides
several times. Anterior and posterior daughter cells of a0–c0
are termed a09–c09 and a00–c00, respectively; daughter cells of
d0 are termed d0*, d0**, etc. Orchestia uses a peculiar mode
f elongation of the germ band involving a split into two
alves (Figs. 1D and 1O). During the split, cells differ with
egard to their morphogenesis (Fig. 1O). Following the split,
he halves fuse.
This study addresses the stages that follow this fusion
vent. They include the cell differentiation of the midline
ells during neurogenesis. The cells a0, b0, c0, and d0 of the
horacic segments are labeled individually, and the result-
ng clones are fixed at the stages between fusion and
atching. After fusion, the anlage of the central nervous
ystem that is formed by similarly shaped ganglia detaches
rom the ventral surface and can be removed and analyzed
Fig. 2). From this point on until hatching, the differences in
hape between head, thorax, and abdomen ganglia become
rogressively more pronounced, while connectives elongate
nd ganglia lose contact with each other. After separate
abeling of the cells a0, b0, and c0, the number of cells in
lones derived from each of these cells can be determined
Fig. 3). The labelings reveal that a0, b0, and c0 each divide
only once prior to fusion and do not divide following fusion.
Therefore, only two cells are cells derived from each of the
cells a0, b0, and c0 (Fig. 3). The DiI labelings of d0 do not
allow for an exact determination of the number of cells in
the clone due to the dense package of the cluster of daughter
cells (Figs. 4 and 5). The use of epifluorescence together
with bright-field illumination allows a better distinction of
cell bodies, but it increases the background and abolishes
the signal of the axons (Fig. 4B). The number of cell bodies
in the cluster of d0 daughter cells is estimated to be 10 1/2
2 (n 5 22). All midline cells show postmitotic cell differen-
iation after fusion. The fate of the daughter cells of a0, b0,
and c0 is nonneural; that of the daughter cells of d0 is neural.
One Cell Type Is a Glial Progenitor
The cells a09, a00, b09, b00, c09, and c00, that is the daughter
ells of a0, b0, and c0, differentiate into glial cells. Thus, the
midline cells a0, b0, and c0 are glial progenitors. The cells a09
and a00 enwrap the posterior commissure (Figs. 3A and 6A),
hile the cells c09 and c00 enwrap the anterior commissure
(Figs. 3B and 6A). b09 and b00 are distributed between two
neighboring segments and are difficult to detect in late
stages. The anterior one is very small and situated at the
posterior margin of the segment (data not shown). Its fate is
probably glial, but there is a possibility that the weak signal
observed is the debris of an apoptotic cell. The posterior one
is larger, situated at the anterior margin of the next seg- t
Copyright © 2001 by Academic Press. All rightent, has a longitudinally stretched shape, and is probably
glial cell (data not shown).
The Other Cell Type Is a Median Neuroblast
The daughter cells of d0 differentiate into neurons (Fig. 4).
he cell bodies of the cells exhibit spherical morphology
nd are situated in a cluster (Fig. 4B). From the cluster,
ifferent kinds of axons and dendrites extend (Figs. 4 and 5).
arge clusters of dye-labeled cells cannot be analyzed
euron-by-neuron since axons cannot be followed in the
egion of cell bodies due to excessive light emission (Con-
ron and Zinn, 1994; Bossing and Technau, 1994; Schmid et
l., 1999; and this study). This is the case for the clone of d0
of Orchestia. For this reason, the assignment of axons and
dendrites to paired and unpaired interneurons and an un-
paired motoneuron is inferred indirectly from their pattern
(Fig. 6). It is reasonable to assume that all cells of the d0
cluster are neurons, although it cannot be ruled out that the
clone also contains a few glial cells. The cell d0, however,
meets the definition of a median neuroblast.
The Axon Patterns of the Neurons Derived from
the Median Neuroblast Comprise Three Different
Classes of Axons
According to axon and dendrite morphology, the cells of
the median neuroblast (5MNB) clone are of four types of
neurons: a single unpaired interneuron in the median fiber
tract, a most likely unpaired motoneuron in the interseg-
mental nerve, interneurons with axons in the connectives,
and interneurons with axons in the connectives and with
dendritic arborizations in the neuropil and commissures of
other segments (Figs. 4 and 5). During axonogenesis, the
axons in the connectives and the intersegmental nerve
develop at the same rate (Fig. 4A). The unpaired axon in the
median fiber tract grows more slowly (Figs. 4C and 4D). The
arborizations of the ventral axons and their extensions into
the commissures extend least (Figs. 4C and 5).
The axons and dendrites are found in two separate ventral
and dorsal planes. In the ventral plane, the unpaired axon in
the median fiber tract and the complex paired axons and
dendrites in the connectives are found, the latter arborizing
in the commissures and in the neuropil of ganglia situated
anteriorly and posteriorly to the ganglion whose MNB was
labeled (Figs. 5A and 5B). In the dorsal plane, the paired
axons in the intersegmental nerve and the simple paired
axons in the connectives are found (Fig. 5C). The axon in
the median fiber tract, the dorsal axons in the connectives,
and the ventral axons in the connectives differ in their
range of extension. The majority of labelings were done in
the sixth and seventh thoracic segment, while those done in
the second to fifth thoracic segment are more difficult. The
total number was n 5 22; this is composed of T2 and T3
5 1, T4 n 5 6, T5 n 5 4, T6 n 5 5, T7 n 5 3. The more
requent labelings of the MNB in the sixth and seventh
horacic segment show that the axon in the median fiber
s of reproduction in any form reserved.
aaFIG. 3. Gliogenesis. Dorsal view of the CNS at 70% development. The glia derived from the midline is located on the midline (dotted line)
nd ventral of the tracts. (A) Two cells deriving from labeling of the cell c0. The cells c09 and c00 enwrap the anterior commissures. (B) Two
cells deriving from labeling of the cell a0. The cells a09 and a00 enwrap the posterior commissure. long arrows, anterior commissures; short
rrows, posterior commissures. Scale bar, 12 mm in (A) and (B).
FIG. 4. Early axonogenesis. (A, C, D) Dorsal views of clones and their branching. (A) Axonogenesis at ;60%. The axon in the connectives,
the axons that leave the CNS via the intersegmental nerve (arrowheads) and the axon in the median fiber tract (arrow) have started to grow
out. (B) Ventral view of the clone with simultaneous illumination with epifluorescence and bright field enhances the signal from the cell
bodies but abolishes the signal from axons. The cluster comprises about 10 (1/22) cell bodies and has the shape of a drop. (C)
Midaxonogenesis at ;70%. The axons start to grow into the neuropil and the commissures of the thoracic ganglia (open arrows). The axon
of the median fiber tract (closed arrow) lags behind those in the connectives. (D) Detail of (C). It shows the branching in the area from second
to fifth thoracic segment. Some of the branches grow only until certain segments (open arrowhead), others continue to grow further
anteriorly (arrowheads). Scale bar, 20 mm, 30 mm, 30 mm, and 15 mm in (A), (B), (C), and (D), respectively.
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402 Gerberding and Scholtztract reaches the first thoracic ganglion; further extension is
not observed (Fig. 5A). The dorsal axons range from about
two segments anteriorly and one or two segments posteri-
orly (Fig. 5C). The ventral axons range over the whole
thorax and reach into the ganglia of the head and the
abdomen (Figs. 5A and 5B). In all labelings of d0 in the
ifferent segments, the arborizations of the ventral axons
ere confined to the leg-bearing segments, that is from the
econd to the eighth thoracic segment (the first thoracic
egment bears maxillipeds).
The Cell Lineage Is Invariant from Germ-Band
Formation up to Cell Differentiation and Respects
Parasegmental Boundaries
As every labeling experiment of the cells a0, b0, c0, and d0
revealed the same pattern of cell-division pattern and fate,
the conclusion can be drawn that the cell lineage in the
midline is invariant from germ-band formation until hatch-
ing. Segmental boundaries in the midline run through
genealogical units as clones originating from single midline
cells contribute to two consecutive ganglia. The allocation
of the midline cells to two consecutive ganglia mimics the
distribution of the lateral cells in the ganglia and the
appendages (Dohle, 1976; Dohle and Scholtz, 1988; Scholtz
et al., 1994). Each midline clone contributes to the ganglia
of two segments, while the midline of every ganglion is
composed of two clones. From each clone derived from a
single midline cell, the cells a09, a00, and b09 are situated in
one ganglion, and the cells b00, c09, c00, and d0 plus its
derivatives d0*, d0**. . . in the ganglion just posterior.
Evidence for a Median Neuroblast in the Isopod
Porcellio scaber
The yolk mass of the eggs of the isopod Porcellio scaber
shows a bright yellow color. As the cells are almost trans-
parent, the eggs lack the contrast between yolk and cells
that is shown by Orchestia. This precludes the detection of
single cells after gastrulation in living embryos and the use
of the DiI method. Evidence for a median neuroblast in
Porcellio, however, can be sampled by sections and labeling
with the proliferation marker BrdU on whole mounts.
Sections of the same stages further reveal a single, median
cell in each thoracic ganglion anlage (Fig. 7A). In labelings
of embryos during midneurogenesis with short pulses of
BrdU, there is a segmentally iterated pattern of single cells
or a cluster of one large cell and one or two smaller cells
that are situated along the median axis and show DNA
synthesis while the adjacent cells are not labeled (Fig. 7B).
These cells seem to proliferate faster than their neighbors as
would be expected for the median neuroblast and its daugh-
ter cells. With regard to the anterio-posterior axis, the
median cell in the sections as well as the median cell in the
BrdU labelings are situated between the commissures. The
sectioning and the BrdU data jointly support the presence of
a median neuroblast in Porcellio.
Copyright © 2001 by Academic Press. All rightDISCUSSION
Midline Cells in Orchestia: The Link between Cell
Lineage and Cell Differentiation
Higher crustaceans, the Malacostraca, utilize invariant
cell lineages during germ-band formation and differentia-
tion. This cell-division pattern of individual cells can be
followed for several divisions utilizing nuclear dyes. This
revealed asymmetric, radially oriented divisions like that of
insect neuroblasts, but it did not demonstrate further dif-
ferentiation (Dohle, 1976; Scholtz, 1990, 1992). The present
study follows for the first time the neuronal and glial
differentiation of a cell lineage and shows that a stereotyped
arrangement of neurons and glia in the central nervous
system arises from the stereotyped cell-division pattern of
undifferentiated ectodermal cells. The midline cell lineage
comprise the following features: (1) neural and glial midline
cell lineages of the thoracic central nervous system of
Orchestia are generated by a stereotypic cell-division pat-
tern, (2) single midline cells give rise to both a neuroblast
and glial cells, (3) probably all neurons in the midline derive
from the lineage of the neuroblast, and (4) the iterated sets
of neurons and glial cells deriving from a single midline cell
are restricted to a one genealogical unit, similar to the
insect parasegment. The latter is also reflected by the
expression of the engrailed gene in the midline, which is
initially found in the anteriormost cell of each midline
genealogical unit (Gerberding and Scholtz, 1999).
Midline Cells in Insects and Crustaceans:
Cell Lineages
The lineage data of the malacostracan crustacean Orches-
tia can be compared to insects and the poorly studied
nonmalacostracan crustaceans. Nonmalacostracan crusta-
ceans do not have an invariant cell lineage in the trunk
ectoderm but have a distinct population of midline cells
whose cell differentiation is yet to be shown (Blanchard,
1982; Gerberding, 1997). Insects do also lack the stereo-
typed cell-lineage pattern found in malacostracan crusta-
ceans (reviewed in Scholtz, 1998). However, the short germ
embryo of Schistocerca and the long germ embryo of
Drosophila show the common feature of a delamination of
both midline progenitors and the lateral neuroblasts (Bate
and Grunewald, 1981; Goodman and Doe, 1993). For Schis-
tocerca, the origin of the midline progenitors is not well
covered in studies of gastrulation and neurogenesis (Roon-
wal, 1936, 1937). However, a spatial relationship between
mesoderm and neuroectoderm cells in the midline is sug-
gested by expression data of the annulin protein (Bastiani et
al., 1992). For Drosophila, it has been shown that the
midline derives from a paired mesectoderm anlage, and we
have insight into the molecular basis of this process
(Kla¨mbt et al., 1991). The mesectodermal cells express the
gene single-minded before they fuse to form a single mid-
line during gastrulation and continue to express single-
minded while they delaminate during neurogenesis
s of reproduction in any form reserved.
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403Neurons and Glia in Orchestia cavimana(Thomas et al., 1988). The patterns of cell division and
differentiation deriving from the midline cells are invariant
in Schistocerca and Drosophila. In both these insects, three
different types of cells arise from the midline cells: midline
precursors for neurons, midline precursors for glia, and
median neuroblasts, the latter being either a stem cell for
neurons alone or for neurons and glia (Bate and Grunewald,
1981; Condron and Zinn, 1994; Condron et al., 1994;
Bossing and Technau, 1994).
The comparison raises two points. The differentiation of
a population of unpaired midline cells is shared by insects
and malacostracan as well as nonmalacostracan crusta-
ceans, although their neural fate has yet to be shown in the
latter group. The malacostracan crustaceans generate their
midline in a peculiar and highly organized fashion that is
part of their cell-division pattern during germ-band forma-
FIG. 5. Late axonogenesis. (A–C) Dorsal views of clones and their b
and the ventral axons are fully extended. Dorsal axons are out of focu
(asterisks) are established in every thoracic segment. Also, there are
Certain axons reach the end of the thorax (open arrowhead) and th
triple arrow). This difference is first seen in early axonogenesis (s.
to eighth thoracic segment. Arrowheads point to the same axons a
omplexity in every thoracic segment. (C) Detail of the dorsal axon
hinner than the ventral ones. There are three kinds of pairs of axo
hat grow posteriorly (open arrows), and a pair of axons that leave t
and sixth thoracic segment. Scale bar, 15 mm, 6 mm, and 6 mm intion (Fig. 1). This formation of a midline is clearly different
Copyright © 2001 by Academic Press. All rightrom that of insects (Fig. 8). The presence of midline cells
nd their subsequent development, however, show that
nsects and malacostracan crustaceans share features with
egard to the contribution of median glial precursors and a
edian neuroblast to the segmental ganglion anlagen. This
uggests that evolution along the malacostracan lineage
esulted in dramatic changes in the process of germ-band
ormation without affecting the subsequent stages of neu-
ogenesis.
Midline Cells in Insects and Crustaceans:
Neuroblast Differentiation
There are two questions concerning the median neuro-
blast: one addresses its origin, the other its progeny. Its
origin is only known for Orchestia; the putative neuroblast
hing. (A) The unpaired axon in the median fiber tract (closed arrow)
this figure. The arborizations in the neuropil of the thoracic ganglia
ches within the commissures of the thoracic ganglia (open arrows).
of the abdomen (double arrow), others do not (closed arrowhead,
) and persists until hatching. (B) Detail of (A), showing the fourth
(A). The branching within the neuropil (asterisks) shows the same
clone in the sixth thoracic segment. The dorsal axons seem to be
pair of single axons that grow anteriorly (closed arrow), two pairs
NS via the intersegmental nerve (arrowheads). T7 and T6, seventh
B), and (C), respectively.ranc
s in
bran
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404 Gerberding and Scholtzprogenitor (Fig. 8). Its progeny is known for Schistocerca,
Drosophila, and Orchestia: the distribution of cell types
among the progeny differs between them. In Orchestia, the
neuroblast likely generates only neurons; in Schistocerca, it
is a neuroglioblast that switches from the generation of
neurons to that of glia and back to that of neurons (Condron
and Zinn, 1994; Condron et al., 1994); in Drosophila, a
euroblast again generates only neurons (Bossing and Tech-
au, 1994). The distribution of this pattern suggests that the
euroglioblast of Schistocerca is a derived character, but
his needs confirmation by more data in crustaceans and
ater stages of Drosophila. It should be mentioned that, in
chistocerca and Drosophila, there is another source of
idline neurons that is lacking in Orchestia, i.e., the
edian precursors for neurons (Bate and Grunewald, 1981;
ossing and Technau, 1994; Schmid et al., 1999). Apart
rom this neuroblast/neuroglioblast/median precursor
uestion, it also remains unknown whether median neuro-
lasts generate their neural progeny as lateral neuroblasts
enerate ganglion mother cells do. Further studies in the
idline of insects and crustaceans should reveal whether
he same sequence of divisions occurs from the MNB to
rst generate ganglion mother cells and to then pairs of
eurons.
Midline Cells in Insects and Crustaceans:
Axon Patterns
If the median neuroblasts in insects and crustaceans are
homologous to each other and only one per segment is
formed, the homology of groups of morphologically similar
neurons is supported by shared developmental origin. If
single neurons are addressed, the question should be an-
swered which neurons in the midline of Orchestia exhibit a
morphology in common with midline neurons of either
Schistocerca or Drosophila. Two neurons may be regarded
as homologous even if they share the position of the cell
body and morphology but not cell lineage (Dohle and
Scholtz, 1988; Whitington, 1996; Scholtz and Gerberding,
2001). This raises the possibility of a homology between
midline neurons in Orchestia, all most likely derived from
the MNB, and midline neurons of Schistocerca and Dro-
sophila, derived from the MNB as well as from midline
progenitors. It translates to the question which of the MNB
neurons in Orchestia has a morphology similar to a neuron
that is derived from the median precursors of Schistocerca
and Drosophila. Having either common or different origin,
individual midline neurons can be compared using the
criteria gene expression, position of the cell bodies, and
axon and dendrite morphology. All characters need to be
carefully analyzed since previous studies addressing differ-
ent questions by utilizing different methods at different
stages have sometimes arrived at contradictory conclusions
(Goodman, 1982; Condron and Zinn, 1994; Bossing and
Technau, 1994; Schmid et al., 1999). Gene-expression data
for individual cells within the MNB clone are currently
limited to the engrailed pattern in Schistocerca (Condron o
Copyright © 2001 by Academic Press. All rightnd Zinn, 1994; Condron et al., 1994; Hayward et al., 1995;
iegler and Pankhaniya, 1997). Furthermore, some descrip-
ions exist for engrailed expression in Schistocerca, Dro-
ophila, Orchestia, and Antennapedia in Schistocerca
Hayward et al., 1995; Gerberding and Scholtz, 1999). How-
ver, all these data are not sufficient for a detailed compari-
on between the three species at the level of individual
ells. The positions of the cell bodies of the MNB clone
eem to remain stable in Drosophila and Orchestia until
atching, but change profoundly in the same interval in
chistocerca (Condron and Zinn, 1994). The axons and
ranching morphology of midline neurons have been de-
cribed for the early neurogenesis of Schistocerca, Drosoph-
la, and Orchestia (Condron and Zinn, 1994; Bossing and
echnau, 1994; Schmid et al., 1999; and this study). In all
ineage studies, different classes of moto- and interneurons
an be clearly distinguished, but the number of MNB
aughter cells, and therefore the number of cell bodies
eighboring each other, is too high to enable the assign-
ent of individual axons to individual cell bodies; this is
easible, however, for the midline progenitor daughters.
The MNB of Orchestia generates one unpaired interneu-
on in the median fiber tract, one putative motoneuron
hose bifurcating axon enters the intersegmental nerve,
nd about eight interneurons whose axons bifurcate at the
ommissures and enter the connectives (Figs. 5 and 6). The
xons of two interneurons are located dorsally and span
ver only two segments and may be termed local interneu-
ons. The axons of the other interneurons are located
entrally reaching head and tail and branching out in the
europil of thoracic segments and may be termed interseg-
ental interneurons. The MNB of Schistocerca shows
hree periods of activity, an early one generating few neu-
ons that follow the commissures and either enter the
ntersegmental nerve or the connectives, followed by the
eneration of glia, and finally it resumes the generation of
bout 90 DUM neurons, 20 of them motoneurons, 60–70
ocal and intersegmental interneurons bifurcating at the
ommissures and entering both connectives (Thompson
nd Siegler, 1991; Condron and Zinn, 1994). The midline
rogenitors of Schistocerca generate motoneurons and in-
ersegmental interneurons as well; they may be derived
rom the MNB or have a separate origin (Bate, 1976; Bate
nd Grunewald, 1982; Goodman, 1982; Condron and Zinn,
994). The MNB of Drosophila generates about 6 1/2 2
eurons, 1 motoneuron, and 4 local interneurons (Bossing
nd Technau, 1994; Schmid et al., 1999). The midline
rogenitors are three VUMs generating motoneurons, one
MI generating local interneurons, and the MP1 generating
ntersegmental interneurons (Bossing and Technau, 1994;
chmid et al., 1999); the VUM may be derived from the
NB (Schmid et al., 1999). As a general pattern, it seems to
e a common feature of all the motoneurons and most of
he interneurons of the midline that they bifurcate at the
ommissures and send out projections to both sides of
nimal. This is found in all three species. The penomenon
f bifurcation is found in both motoneurons and interneu-
s of reproduction in any form reserved.
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405Neurons and Glia in Orchestia cavimanarons. In Schistocerca, the bifurcating, branched interneu-
rons appear to possess the characteristics of neuromodula-
tory cells, and it is tempting to speculate about a similar
quality of those in Drosophila and Orchestia. A second
ommon feature for all three species is the type of neuron
hat is referred to as MP1 in Schistocerca and Drosophila
nd as an intersegmental interneuron in Orchestia. Two
ther types of cells found in Orchestia currently have no
FIG. 6. Schematic drawing summarizing gliogenesis and axono-
genesis of the cells originating from the midline cell. (A) The glia of
the anterior and posterior commissure derive from c0 and a0. (B–E)
Different types of axons within the clone of progeny of d0, the
NB. (B) Bifurcated axon that leaves the CNS through the inter-
egmental nerve. (C) Single axon in the median fiber tract. (D)
mong the dorsal axons in the connectives, there is one on each
ide that grows out anteriorly and two on each side that grow
osteriorly and span over several segments but do not reach either
ead or abdomen. (E) The ventral axons grow out to the head and
he abdomen and they branch out into the commissures and the
europil of the thoracic ganglia.counterpart in insects: the unpaired neuron in the median
Copyright © 2001 by Academic Press. All rightfiber tract and the intersegmetal interneurons that branch
out in the neuropil of the thoracic ganglia. In general, the
differences in numbers, shape and position, and in the
degree of differentiation of neurons found between Orches-
tia, on the one hand, and Schistocerca and Drosophila, on
the other hand, might be explained by a different degree of
maturity in relation to differences in the lifecycles (see
Harzsch et al., 1998). Orchestia, like all amphipod crusta-
ceans, undergoes direct development hatching as a minia-
ture adult, whereas the early stages of the hemimetabolous
insect Schistocerca look somewhat different from their
adult counterparts, i.e., they lack wings. This phenomenon
is even more dramatic in the holometabolous insect Dro-
sophila with larvae lacking many adult structures, such as
legs and wings, which are differentiated during metamor-
phosis.
Concerning the location of cell bodies and the branch-
ing pattern, the midline neurons found in Schistocerca,
Drosophila, and Orchestia show almost no overlap with
the early dorsal neurons that have been investigated in
the same two insects and the three malacostracan crus-
taceans Procambarus, Cherax, and Porcellio (Thomas et
al., 1984; Whitington et al., 1993). Except for one neuron
called “S,” the cell bodies of the neurons studied for
comparison are located laterally and their branches are
restricted to one side of the CNS (Thomas et al., 1984;
Whitington et al., 1993). The cell body of neuron “S” is
located in the midline. Its branching morphology speaks
in favor of a homology to one of the midline neurons of
insects and Orchestia; it bifurcates at the anterior com-
missure and branches out to both sides of the CNS. For
this reason, it has been compared to the MP4 and MP6
unpaired motoneurons of insects (Whitington, 1996).
However, the position of the cell body relative to the
commissures is not similar between neuron “S” and
other midline neurons. The cell body of “S” is located
behind the posterior commissure; the cell bodies of the
midline neurons in Orchestia and insects are found
between the anterior and the posterior commissure (Whi-
tington et al., 1993). Neuron “S” of the malacostracans
may be generated by their MNBs and its cell body may be
shifted along the median axis during the course of neu-
rogenesis. Future labelings should settle the question of
the origin of the already identified early malacostracan
neurons.
Midline Cells in Insects and Crustaceans: What
Kind of Evolutionary Steps Can Be Postulated from
the Data?
As long as the pattern of midline cell lineage and
differentiation in myriapods, chelicerates, and onych-
ophorans remains unknown, any comparison between
insects and crustaceans will be unable to shed light on
the ancestral state of arthropods. The comparison of the
two insects Schistocerca and Drosophila and the crusta-
s of reproduction in any form reserved.
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407Neurons and Glia in Orchestia cavimanacean Orchestia does, however, allow speculation on the
common ancestor of insects and crustaceans (Fig. 8). Both
of these taxa show two common types of midline cells.
One is the neuroglioblast of Schistocerca, the MNB of
Drosophila, and the cell d0 of Orchestia. The cells share
he mechanism of generating a cluster of neurons that
omprises inter- and motoneurons with some similarities
n the branching patterns. The other one is the glial
recursor of Drosophila, and the cells a0 and c0 of
Orchestia. They show a common differentiation and
morphology by wrapping the commissures. For the com-
mon ancestor of insects and crustaceans, it can be con-
cluded that embryonic development shows a formation of
an unpaired row of midline cells, the differentiation of a
single midline cell per segment as precursor cell for one
segmental neuroblast, and the differentiation of other
midline cells as precursors for commissural glia.
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FIG. 7. Evidence for a median neuroblast of the isopod Porcellio
ganglion during midneurogenesis that also shows the lateral neurob
and the head seen from the ventral side. The embryo was given
C5-conjugated anti-BrdU antibody. In the neuroectoderm of the th
(arrows) is detected. Anterior is up. Scale bar, 10 mm and 35 mm in
FIG. 8. Comparison of midline cell lineages of the insects Schis
pecies differ in the number of cell divisions before cell differentia
etermination are yellow, glial lineages green, neuronal blue and
rosophila that has a paired anlage of about four cells. Orchestia
he formation of the midline and the first divisions generate differe
t starts with an MNB and two MPs, the MNB generating additi
rosophila varies from 5 to 9, the average is 7.5 (Bossing and Tec
ithin each segment, there are two different cell fates found in m
green), and a stem cell for neurons, the neuroblast (red). There are
edian precursors for pairs of neurons (blue) are found in Schistoc
a stem cell for neurons and glia (red/green combined), is found on
Further divisions of the median neuroblast and median neurogliob
possibility cannot be ruled out that the MNB also produces glia. (E
indicate the borders of a segment. The midline of Schistocerca has 6
1994) and two kinds of interneurons, and one kind of motoneur
(Thompson and Siegler, 1991); the number of cells is too high to be c
of interneurons and a motoneuron, and three different types of p
(Bossing and Technau, 1994). Orchestia has three pairs of glial ce
interneurons. Drosophila (A, E) adapted from Kla¨mbt et al. (1991) and
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